The previous calculations used cesium adsorption isotherms calculated by R. A. Jacobs' and mass transfer parameters derived from previous work.2 New equilibrium adsorption and column performance data for CST in simulated SRS waste were reported following the initial column sizing calculations.' The new equilibrium adsorption data indicate greater capacity than previously calculated (i.e., use of the 30% dilution factor underestimates capacity). Column performance was modeled by both groups using a single set of values for diffusivity and column capacity. The largest discrepancies between experiment and model occurred in the highest flow rate column test. The discrepancies reflect uncertainty in the values for particle capacity or intraparticle diffusivity, or in the mass transfer mechanism in the model. Nevertheless, the column lengths in the previous report equal or exceed the column lengths derived from the new data. Based on the more recent work, the author recommends the following.
. Retain the conservative column size from the original calculations in the proposed design at this time and reduce at a later time following additional experiments and calculations that improve the reliability of the estimate.
q Conduct additional column experiments to understand the reproducibility of the results, the capacity of the resin, and the kinetics.
. Evaluate the need to enhance the mass transfer detail in the existing models.
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The two modeling groups analyzed the new data to refine their previous calculations. The appendices contain copies of the reports from the two modeling groups. The following summarize the results from the new calculations.
Both modeling groups recommended 20-30% shorter columns.
-The shorter columns result primarily from increased estimates of the diffusivity.
The Texas A&M group reproduced the fast column test results by decreasing the CST capacity by 30%.
-In this fit, the diffusivity was the same as used with the slower column tests and the predicted column length was shorter. -Increasing the diffusivity improves the fit but not as much as lowering the capacity.
The new equilibrium adsorption data (K4S)indicating a dilution factor of 1.0 between powdered CST and the engineered form of CST do not significantly impact column size.
-Although higher K,s do not decrease column size (i.e., the mass transfer zone length does not change), they imply increased cesium loading, less frequent column change-outs, and decreased CST usage. -Higher cesium loading increases the radiation from the column and the rates of radiolytic gas generation and heat production.
Because of the uncertainties in the interpretation of the test data, design efforts should continue to use the column sizes from the previous report2 since they provide a conservative design until improved understanding of CST capacity and kinetics is obtained. However, the new test results and column sizing calculations do not suggest larger columns are required.
There are several possible explanations for the lack of agreement between the model predictions and the fast column test results. Experimental and analytical uncertainties may account for some or all of the discrepancy. These uncertainties include inaccuracies in the concentration measurements, wall effects in the small diameter column, termination of the column run before complete loading, differences in the simulated waste solutions, and differences in conditioning of the CST. Many of these can reduce the apparent capacity of the CST. Alternatively, CST mass transfer kinetics maybe more complicated than currently modeled. Both models assume instantaneous equilibrium within the pores of the engineered form of the resin. For slow adsorption kinetics (as suggested by the length of time required to reach equilibrium in K~tests), an additional mass transfer resistance may exist. Researchers from Purdue suggest two possibilities: non-equilibrium behavior (i.e., the intrinsic adsorption rate is relatively slow compared to convection and diffusion rates), or slow surface diffusion (i.e., the diffusion mechanism includes pore and surface diffusion, with the surface diffusion coefficient much larger than the pore diffusion coefficient). With additional effort, both mechanisms could be included in the model. An alternative suggested by Texas A&M researchers is increased
Introduction
Over 100 million gallons of radioactive waste, generated by nuclear reactors and weapon production plants, is now in underground storage tanks (USTS) at Department of Energy (DOE) sites in Hanford, Savannah River, Oak Ridge, Idaho, and Femald (McOinnis et al., 1995) . The cost of treating this waste using current technologies is estimated at 100 billion dollars (McOinnis et al., 1995) . After the initial treatment, the waste in its final form is vitrified in borosilicate glass for permanent storage.
Several different approaches are currently under investigation for treating the supematant before it is placed in long-term storage (McGhmis et al., 1995) . The present study is focused on CST ion exchange for treatment of Savannah River Site (SRS) wastes. CST has a high affinity for the major radioactive contaminant 137CS+.Since the affhity is high, a large amount of 137CS+ can be confined within a small volume of saturated CST particles. Since the cost of making glass canisters is expected to be quite hlgk it is important to utilize the CST exchanger as much as possible. A continuous carousel process with three packed columns in series (Figure 1 ) is proposed. The carousel design allows the cesium level in the decontaminated waste to be below the required levels (less than 1.3 x 103 mg/L Cs~and almost full utilization of the adsorbent (Ernest et al., 1997) .
CST ion exchanger was developed at Texas A\&M University (TAMU) in a powder form (Anthony et al., 1993; Anthony et al., 1994) and was engineered into a pellet fo~by UOP. The pellet form is the CST powder mixed with an inert binder. This binder makes CST feasible for column applications, but it is expected to give the pellets a lower effective capacity per unit weight th~the powder (McCabe, 1995; McCabe, 1997) . Deng et al. (1997) at TAMU developed a detailed multicomponent ion exchange model that describes the uptake of &+ on CST powder in the presence of competing ions. They vali&ted the model via batch experiments conducted using waste simulants in which Cs+ loading on CST powder was measured (Zheng et al., 1997).
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In this work the equilibrium uptakes of Cs+ on CST powder predicted from the TAMU model have been fit to a single-component Lrmgmuir isotherm for six different SRS waste compositions. The batch test data obtained for CST pellets (38B and IE911) can be explained by a dilution factor of 0.56 to 1.0. This approach yields effective Cs+ isotherms, which are needed in a dynamic column model for the carousel design.
Mass transfer parameters are estimated by analyzing breakthrough data of an SRS waste simulant, as well as data from Cesium Removal Demonstration (CSRD) column experiments and CSRD support column experiments from Oak Ridge National Laboratory (ORNL). The CSRD experiments were performed on CST pellets from the same lot and with the same feed (Melton Valley Storage Tank W29, or MVST-W29) over a wide range of linear supetilcial velocities (0.3 to 10.8 cm/min). Porous column model simulations are compared to the column data and the effective intraparticle diffisivities (DP) are determined for the SRS waste simulant and the MVST-W29 waste. The StokesElnstein equation is shown to correlate the values of DP for the two different wastes, based on the viscosities of the wastes. For both feeds the model yields a close fit to the column data. The ORNL 50 percent breakthrough times can be well predicted using the TAMU model with a dilution factor from 0.56 to 0.66. The SRS column data can be well explained by the TAMU model with a dilution factor of 1.0.
The model and mass transfer parameters are used in simulations to obtain carousel designs for treating largescale SRS waste. The length of the mass transfer zone determines the column length requirement for the segments in a carousel process. The mass transfer zone is defined as the length of column required to contain the Cs+ concentration wave from 90 percent of the feed concentration to 1.3 x 10-3mg/L. An analysis of the dimensionless gJ-oupsin the model has shown that the mass transfer zone length (normalized by the particle radius) depends only on the particle Peclet number. The proportionality constant in this relationship is a function of the Cs+ concentration and the effective Cs+ isotherm parameters, which depend on the waste compositions. Using this linear relatiom one can easily determine the carousel column size at a given linear velocity, particle size, and intraparticle diffusivity.
This study establishes a model-based design approacfi that is efficient and requires relatively few experiments. This 'approach gives carousel designs with high column utilization both during startup and at cyclic steady state. This method can be applied to design carousel ion exchange processes for other complex wastes.
Simulation Models, Parameters, andAssumptions
The mathematical model utilized in the simulations is a porous model which takes into account competitive adsorption bulk Convection axial d@ersion, film mass transfer, and pore dWfusion. Since surface diffision effects are not evident from the available data, the pore diffusion model is used in this anaiysis. The numerical solutions of the governing equations and boundary conditions are performed by the VERSE simulation package (Berninger et al., 1997; Whitley, 1990) . This model has been validated in many previous studies (Ernest et al., 1997; Koh et al., 1998; Ma et al., 19%) . The pore diffusion model assumes uniform spherical adsorbent particles, plug flbw with constant linear velocity, local equilibrium within the adsorbent and constant dh?fusivities.
Pore d~fuswn model
In the pore dlfilon model, the material balance in the mobile phase is given by
where C is the mobile phase concentration (mg,/mL), t is time (rein), Eb is the axial dispersion coefficient (cm2/min), z is the axial distance along the column (cm),~is the mobile phase velocity (crn/min), k~is the film mass transfer coefficient (crn/min), Rp is the particle radius (cm), and CP,=Wis the particle phase solute concentration at the surface (mg/rnL). In the pore phase, the material balance equation is where Cpis the pore-phase concentration (mg/rnL), q is the solid-phase concentration (mghnL S.V.), r is the distance in the radial direction (cm), and Dp is the intraparticle diffusivity (cmzhnin).
Eqs. 1 and 2 and their boundary conditions can be rewritten as follows in terms of the dimensionl~s quantities listed in Table 1 .
8=0, Cp =Cp(o,;) Effective Cs' isotherm approach for complex wastes Figure 2 shows effective Cs+/CST isotherms based on TAMU model predictions for the various SRS wastes. The compositions of the SRS wastea are listed in Table 2 . Figure 3 shows the TAMU model predictions for the SRS standard simulant and the batch test data for CST powder (McCabe, 1995) and CST pellets (IvlcCabe, 1997) . The experimental data are in reasonable agreement with the model predictions. The waste is a complex multicomponent mixture and the TAMU model (Zheng et al., 1997 ) is able to predict to within i-20 percent the effective adsorption capacity of Cs+ at various feed Cs+ concentrations for the SRS standard simulant., In the simulations, a simple Langmuir isotherm is chosen to describe the equilibrium uptake of Cs+ on CST. TAMU model isotherms are fit to individual Langmuir isbtherms. For the W29 waste, it is necessary to multiply the Langmuir coefficient a by a dilution factor. This factor has been justified in two separate instances. Figure 3a shows experimen@l batch data for powdered CST (DG-1 12) and batch data for the engineered form (38B), both in SRS standard simulant. The maximum capacity (at high concentration) of the engineered form is 56 percent of that of the powdered form. At low concentrations, the dilution factor is between 0.7 and 1.0. The solid line shows that the TAMU model can predict Cs+ uptake on the powdered CST reasonably well. The uptake of Cs+ on the engineered form is in reasonable agreement with the TAMU model prdlction multiplied by dilution factors of 0.56 and 0.7 (dashed lines in Figure 3 ). This lower dilution factor for the pellet at high Cs+ concentration could be due to nonequilibrium data, since the samples in the batch tests were taken at 48 hours. This hypothesis is supported by batch test data obtained by Hunt et al. (1998) ,shown in Figure 3b . The batch data colleqted at 24 and 72 hours are not at equilibrium, evident from time-varying concentration. For these large particles, the equilibration time should be 168 hours or more. In a second case, shown in Ftgure 4, the TAMU model . .
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for Cs+ uptake on powdered CST in the MVST-29 waste is denoted by a solid line. The two dotted lines show the bestfit Langmuir isotherms to column data performed on IE911 with the MVST-W29 waste. All of the column data are well predicted by isotherm parameters within this range. The maximum capacities determined from these two isotherms (on engineered CST) are 56 percent and 66 percent of that of the powdered form CST. This low dilution factor could be due to the following factors: a combination of the presence of an inert binder, TAMU model inaccuracy, or the presence of competing ions in the real waste (such as Zn, Pb, and Ba) that are not considered in the TAMU model. Table 3 lists the Langmuir isotherm parameters for W29 and various SRS wastes.
Mass transferparameters
Melton Valley Storage Tank W29 Column Tests. The Brownian diffusivity for W29 is taken from the work of Ernest et al. (1997) . The Brownian diffusivity for the SRS wastes is assumed to be 73 percent of that for W29, acccdng to the Stokes-Einstein equation @q. 5 below). The film mass transfer coefficient, kfi is calculated from the correlation by Wilson and Geankoplis (1966) and the axial dispersion coefficient, E~, is calculated from the correlation by Chung and Wen (1968) . These parameters are used to analyze ORNL CST small-scale (10 mL) column data (Lee et al., 1997) and large-scale (38 L) column data (J. F. Walker et al., 1998) . Simulation results are compared to the experimental data. It is found that the breakthrough times are well predicted when the isotherm parameters for W29 horn the TAMU model are adjusted by a factor of 0.56 to 0.66, indicating the effective Cs+ isotherm approach is successful in predicting Cs breakthrough in a complex mixture. The intraparticle diffusivity, DP, is then fit to the smallscale frontal data. Figures 5a-c show the comparison of experimental data to simulation results for small scale CSRD support runs by D. D. Lee. These parameters were then used to predict the large-scale frontal data, and it was found that the large-scale breakthrough curves were slightly more spread than predicted. Figures 6 and 7 show the comparison of experiment to simulation for large scale CSRD column experiments. This indicates that dispersion in the large columns is greater than in small columns, perhaps as a result of different packing procedures.
Westinghouse Savannah River Company Column Tests. Since MVST waste has a viscosity of 1.6 cp and SRS waste has a viscosity of 2.2 cp, the value of DP determined fi-om the CSRD column tests is not valid for designing columns to handle SRS waste. According to the Stokes-Einstein equation, the dlffusivity is related to the solution viscosity:
D= kBT

6?rj.t R~(
5)
where D is the dlffusivity, kB is Boltzmam's constan~T is absolute temperature, P is the viscosity, and R. is the solute radius. The value of the dh%isivity is inversely proportional to the fluid viscosity, so that the intraparticle diffusivity for SRS wastes is estimated to be (.)
Preliminary column data are obtained for SRS average waste on CST pellets (D. D. Walker et al., 1998) . The column experiments can be well predcted assuming a dilution factor of 1.0 and a DP of 7.3 x 10-5cm2/min @q. 6). F@re 8 shows column eftluent histories for three runs in a laboratory-scale column (17.7 mL) at three different Iinear supetilcird velocities (us= 0.27, 0.98, and 4.1 cmhnin). Flow rate and Cs+ feed concentration are taken into account in the model. The positions and shapes of the breakthrough curves are well predcted by the model. The isotherm parameters, mass transfer model and the correlation of DPusing the Stokes-Einstein equation appears to be valid.
Column parameters
The particle size, interparticle void fraction (cJ,. and intraparticle void fraction (sp) were based on the known densities of the CST particles (Anthony, 1998) . In the mathematical model, it is assumed that all the particles are spherical and of uniform size (375 pm in diameter). Table 4 lists the simulation parameters. These mass transfer and system parameters have been employed to design large-scale carousel processes for treating SRS wastes. Page 11 of 39 APPENDIX A (continued)
DesignApproach
Determination ofconstant-pattern rums transfer zone length
The first step in the design is to determine the mass transfer zone length, which is a function of the isotherm parameters, Cs+ feed concentrations, mass transfer parameters, and linear velocity. The mass transfer zone length is examined at two different flow rates-15 and 25 gpm, which correspond to two different supertlcial velocities (4.9 and 8.1 cmhnin, respectively). Since the isotherm is nonlinear at the concentration level in the SRS waste (Figure 2) , the concentration waves eventually develop into a constant pattern. A sufficiently long column (66 ft) is chosen in this simulation so that the waves can reach a constant pattern. Figures 9a-b demonstrate the mass transfer zone length determination. The length of the mass transfer zone is determined from the concentration profile where the local coneen@ation decreases from 90 percent of the feed concentration to 1.3 x 10-3mg/L. The feed compositions are listed in Table 2 . Notice that the concentration of Cs+ varies from waste to waste. For this specification, the percent saturation in the lead column is much higher than 90 percent (the target for large-scale applications). Clearly, the mass transfer zone length, Lm, increases on increasing column length and reaches a maximum value when a constant pattern develops.
If one chooses the constant pattern L.m, the carousel design is straightforward. A three-segment carousel will have a total length of 3 Lm. The choice of constant pattern L.m to be the column length will ensure that when the carousel operation reaches cyclic steady state, the percent sorbent utilization in the lead column (saturation zone) will satisfy the 90 pereent or higher utilization desired. VERSE simulations confirm this. An example is shown in Figure  11 .
Clzse 1: Ckrousel designs for ajiked column altimeter
For practical applications, a column diameter of about 4 ft and a segment length of 16 ft or smaller are desired. Table 5 lists the column length requirements for the six SRS feeds when the column diameter is fixed at 4 ft. For each isotherm, we have determined the mass transfer zone length for two flow rates (15 gpm and 25 gpm).
Dimenswnkss group analysis
By examining the differential mass balance equations -d boundary conditions, Eqs. 3 and 4, one expeets that the concentration profile or dimensionless mass transfer zone length,~", at constant pattern is a function of the dimensionless groups of the equations (L..", k;, 4, 4P, PeP, and Peb), the isotherm parameters, and the feed Cs+ concentration. For a suftlciently long column (LJRP > 1000) at a relatively high linear velocity w >0.25 cmhnin), " is controlled by intraparticle diffusion. Therefore, Lm" is only a fimction of PeP for a given waste. This relationship can be summarized as: L*W ccPe~ (7) where
is the dimensionless mass transfer zone length. Eq. 7 states that the length of the mass transfer zone is directly proportional to the linear velocity and the square of the particle radius and that it is inversely proportional to the intraparticle diffusivity. Figure 10 shows the relationship between the dimensionless mass transfer zone and the Peclet number. It should be pointed out that the slope of the line in each case depends on both the waste type and the cesium concentration. If the waste composition remains the same as those in Table 2 , F@ure 10 provides a convenient estimate of~(or carousel size) when RP, DP or U. is varied. TWOimportant trends are apparent from Figure 10 . Fkst, for a given CS+concentration, L=* decreases with increasing Langmuir a value. One can see in Figure 10 that for the bounding cases, in which the Cs+ concentration is 0.0007 M, L=* is highest for the "High NO@" case and lowest for the "High OH-b" case for all values of PeP. Recall from Table 3 that the "High NO@'; case has the lowest Langmuir a value and the "High OH+" case has the highest a value among the three bounding cases. Second, for a given isotherm, a higher CS+concentration leads to a lower k".
This em be seen in the "High NO@" case, which has the lowest Langmuir a value among the six wastes but has a lower~" than the nominal cases because its Cs+ concentration is 1.9 times higher than the "High OH" case and five times higher than the "Average" and "High NOS" cases.
Clzse2: tiousel designs for ajlxed column length
For the six different types of SRS wastes, the segment lengths (or LMEJ are less than 16 ft with two exceptions, the 25 gpm cases for the "Average Waste" and the "High NOS Waste" (Table 5 ). For these two cases and the other wastes, we investigate the designs with a fixed segment length of 16 ft and a diameter that is either larger or smaller than 4 ft. The resuks are reported in Table 6 . When the segment length is fixed at 16 ft, this implies that Lm is fixed at 16 ft for all the different feeds, whereas the linear velocit y uo is varied to achieve this goal. The UO values are determined by finding the Peclet number that gives k = 16 ft. Column diameters that can handle 15 gpm and 25 gpm are calculated according to a given M. Notke that for a given feed, the linear velocity is the same for 15 and 25 gpm. A change in the column diameter allows for a change in the volumetric flow rate.
As clearly shown in Table 5 , the L-for 4-ft diameter columns for some cases are less than 16 ft. Therefore the column diameter in Table 6 can be reduced to below 4 tl and a higher w can be used. In contrast, for the cases in Table 5 where the L-are longer than 16 ft, a lower~must be used to confine the mass transfer zone to 16 t and column diameters must be increased to above 4 ft to accommodate 15 gpm and 25 gpm feed flow rates. "
Transient behavwr of proposed carousel processes
For the "Average" waste, 15 gpm throughput require a three-column carousel which is 4 ft in diameter and 11.3 ft in segment length, while 25 gpm throughput requires a carousel which is 4.3 ft in diameter and 16 ft in segment length. These two cases are compared in Table 7 . Actual carousel simulations are carried out to check the percent column saturation during the transient period and at cyclic steady state. In the carousel process simulations, the port switching occurs when the outlet concentration of the second column reaches 1.3 x 10-3mg/L. At thk time, the first cohmm is taken off-iine, the fixd is introduced into the second column, and a fresh coh.unn introduced at the end of the train (as a guard column). Figure 11 shows the simulated concentration histo~es at the outlet of each column for two carousel processes, one operated at 15 gpm and the other at 25 gpm. Notice that in both cases the outiet concentration of column 2 reaches the specified value of 1.3 x 10-3 mg/L at the port switching time. The outlet concentration of column 3 (the guard column) is too low to be seen in this figure. Figure 11 also shows that cyclic steady state is established after about three switching periods. The utilization of the lead column is about 99.8 percent before cyclic sfeady state is established and 99.2 percent at cyclic steady state. This result proves that by choosing the constant pattern L.m, one can ensure that percent utilization is high during the startup and after cyclic steady state is ' established.
Design Alternatives
There are many alternative carousel designs that can meet SRS waste treatment requirements. The sizes of the carousel columns in Tables 5 and 6 are estimated based on a fixed diameter for Case 1 and a fixed segment length of 16 ft for Case 2 and the following assumptions: (1) The effective Cs+ isotherms of the wastes can be prdlcted by using the TAMU model with a dilution factor of 1.0. (2) The DP value is 7.3 x 10-5 cm2/min for all wastes. (3) The .Lm is defined as the length in which C decreases from 0.9C0 to 1.3 x 10-3mg/L. This definition gives a percent utilization of 99.8 during the startup and 99.2 percent at cyclic steady state. One can choose a shorter b if a lower percent utilization of the lead column is desired or the level of Cs+ in the effluent of column 2 can be higher than 1.3 x 10-3 mg/L. (4) The current design assumes three columns: the lead column is for saturation; the second column is to contain the mass transfer zone and the third column is a guard column. Each column length is the same as the mass transfer zone length.
Alternatively, the mass transfer zone can be spread among two columns, thus halving the size of the lead column and the guard column in the process. The saturation zone and the guard zone decrease in length, while the mass transfer zone remains fixed, leading to a shorter overall bed length. Table 8 compares the performances of carousel processes with three, four, five, and six column segments. One can see that there is a 50 percent gain in the throughput per bed volume and a 33 percent decrease in the bed length on increasing the number of segments from three to four. However, there is also a 50 percent smaller guard column and one more valve. These factors need to be taken into account in future cost analyses and process optimization studies.
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Conclusions
A model-based approach has been developed to design a CST carousel ion exchange process for removing cesium from Savannah River Site wastes. Batch equilibrium data were correlated using a detailed ion exchange model for CST powder (TAMU model). The model predictions were then fit to the Langmuir equation to obtain effective cesium isotherms for six model SRS waste compositions. For CST pellets in SRS standard simulant, a dilution factor from 0.56 to 1.0 is needed to fit the isotherm data. For W29 waste, a dilution factor of 0.56 to 0.66 is needed to fit the column data. However for the "Average" SRS simulant only, a dilution of 1.0 can explain the column data at three linear velocities. It appears that either the inert binder has no effect on the Cs+ capacity or the TAMU model underestimates the Cs+ loading in this waste simulant. This effective cesium isotherm approach was validated using the data from both small-scale and large-scale column tests at ORNL and small-scale column data for the "Average" SRS waste simulant. Axial dispersion and film mass transfer coeftlcients were calculated from well-known correlations, and the intraparticle dlffusivity was determined by fitting porous model predictions to ORNL and SRS column data. These mass transfer parameters were validated over a wide range of linear velocities for the W29 wastes and the SRS simulant. The intraparticle dHfusivities for the two wastes can be well correlated by the Stokes-Einstein equation.
In the design of the carousel process, the length of a single column segment is determined from the length of the mass transfer zone at a given linear velocity. The mass transfer zone is defined as the length of column required to contain the Cs+ concentration band from C = 0.9C0 to C = 1.3 x 10-3mg/L after a constant pattern wave is developed. An analysis of the dimensionless groups in the differential mass balance equations reveals that the normalized mass transfer zone length is proportional to the particle Peclet number. The proportionality constant is a function of the waste composition and the Cs+ concentration. For a given waste type, a higher Cs+ concentration leads to a shorter mass transfer zone. For a given concentration, a higher Lm@nuir a value also yields a shorter mass transfer zone. For a @ven composition, modifications of a given design can be easily made by the use of this simpIe linear relation.
This study shows that the estimated carousel sizes are most sensitive to the effective cesium isotherms and the intraparticle dMusivities. The bed void fmction also has a direct impact on the size estimates. These key parameters should be confirmed by batch and column tests using actual SRS wastes before implementing the proposed designs for huge-scale separation.
.
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Notation a = Langmuir coefficient, rnghnL B.V. b = Langmuir coefficient, mL/mg C = bulk-phase solute concentration, mghnL CP= porephase solute concentration, mg/mL CO=column inlet solute concentration, mg/mL D = diffksivity, cm2/min DP = intraparticle diffisivity, cm2/rnin D" = Brownian dlffusivity, cm2/min E~= axial dispersion coefflcienc cm2/min F= volumetric flow rate, gpm or nilmin I.D. = column inner diameter, ft kB = Boltzmmm's constant, 4.97 x 10-13gcm2/Kain2 k~= film mass transfer coefficient, crn/min LC= column length, cm or ft q = solid-phase solute concentration, mgAnL S.V. r = radial distance fi-om center of adsorbent particle, cm RO= solute radius, cm RP= adsorbent particle radius, cm or P t= time, min T= absolute temperature, K TPBV = throughput per bed volume, gpm/ft3 UO = linear interstitial velocity, cmhnin u,= linear superficial velocity, cm/min V== column volume, mL or L z = axial dkance, cm
Greek letiers b= bed void fraction, dimensionkss SP= intraparticle void fiactiom dimensionless P= solution viscosity, glcrnmin
Dimenswnkws varizblis %7 YW (fik mass transfer number) L.c = L@P (dimensionless column length) %" = b / R* (dime~io~ess IIMSStransfer~ne length) Pe~=~LC/ E~(bulk Peclet number) PeP =~RPI.sPDP (particle Peciet number) x = d~(dimensionless axial position) $ = t uo/~(dimensionless time) = dRP (dimensionless radial position) = (1-s~)/ &b(particle/bulk phase ratio) q!.= (1-.# S, (soli~pore ph~e ratio) 0.0010 1'
. . . From the data it is clear that the low-limit value (0.2S x l~l" m2/s) provides fbr a conservative estimate of cohunn breakthrough. Fwtlmnom, the model simulations predict the solid eapaGity accurately using the equilibrium isotherm generated horn the TAMSJ powder equilibrium model. Table 1 mmnarkes the resulrsfor the threenominal waste compositions at the Wee effkctive diffitsivities. Table 2 shows theprevious design results, which were prepared using an effkotive diflbsivity of 0.2 x 10-10m2/s and a dilution factor of 0.7 for the equilibrium isotherm. Figure 6 shows U required carousel volumes fm a fiow rate of 25gpm. 'Jle required volume for a flow rate of 15~m is 60% of the volume for 25=gpm. Figure 7 shows rhe interval time for the column switches for each of the three simulants.
The disorepanoy k the apparent opacities between the "fast" and 'intermediate" oolumn experiments introduces some uncetity in rhe tied eff'eetive' di~~vity. Thus, for design ptuposes We reoommend using the Iow limit difiivity of 0.25 x 10-10nz2/s. for the "intermedhte"and'%@ rates oolunmexperiments. Figure A-3 illustratesthe oohunn experiments and simulations for the "slow" rate experiments TIMSO pIots are semi-log pIots insteadof the log-p.robalMity plots eustornarilyu@ however,they are very shnlisr and aflow extrapolations. One particular fixture that all three cures illustrate is the significant change in the slope in the range of 0.01% and 0.1%breakthrough.Thereforq extrapolationof the wives is filled with perils of potential significant emor. The secund ikature to notice is the model predkts breakthroughprior to the experimentalbreakthroughs.T& is particukriy apparentfor the "slow"rate oohunn experiment. 
Coiuml Vonnms
Figure Al. Semi-log plot of experimental data and model simulations for the "intcrmexliate" rate eolurnn elxperiment with SRS Average waste.
